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Abstract

Surface oil flow is anxperimental flow visualization teonique that depicts the surface flow
pattern near the body of the modetaditionally, a particle tadking tetinique that gnertes
streamlines near the model body is used to depict surface flows in CFD flow simulations. In this
paper we compaed surface flowsepresented by stamlines with thoseepresented by a x¢éure
technique known as Line Irgeal Convolution (LIC). V¢ found that samlines used to depict
surface flows a discontinuous inegnerl and the quality of the surface flow pattern is highly
dependent on the placement of theatnlines. Wheas, the LIC tdmique clearly depicts sur-
face flows that closelysemble surface oil flowseVdlso found that surface flows neegions of
vortex structues and saddle points@mnot best shown using theestmline tebnique compaed
to the LIC tebnique For unsteady flow simulations, we comguhsteaklines with a ng texture
synthesis tdmique called Unsteady Flow Line Igtal Corvolution (UFLIC) that we have
recently deeloped. UFLIC accuately reveals the dynamic behavior of unsteady surface flows
during animation.

I ntroduction

Surface oil flavs are used inperimental flov visualization to represent sade flav patterns
near the body of the model. This technique is attradiecause it ges a good impression of the
flow patterns near the model body and feaive for depicting flav separation and re-attachment
lines. Surprisinglythere has been relatily few developments of this technique in numericalflo
visualization. CFD scientists commonly use streamlines, which are released from each grid point
near the grid suace, to obserrsurfice flavs. In the past tow decades, there Ve been seeral
well-known visualization soft@re programs that support a suite of numerical flsualization
technigues. Some of these techniques inclueetov plots, contours (lines and |oés), particle
traces, and cutting planes. Maaof these programs do not generate aefflavs that resemble
those seen in@eriments.

In the computer graphics communigytexture synthesis technique called Line gra Corvolu-
tion (LIC) that generates realistic looking so# flavs in uniform Cartesian grids has been pro-
posed by Cabral and Leedom [1]. Their technique can clearly depiatsulévs of CFD flav
simulations by producing xéures with directional patterns based on the underlyinvg filelds.
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We refer to the suace flavs depicted by streamlines and the LIC techniqusteady surface
flows We hare developed a ne texture synthesis technique called UnsteadyHline Integral
Convolution (UFLIC) that generates sade flavs in unsteady flo fields [2]. We refer to the
resulting flav pattern asinsteady surface flow®ur technique isery efective in depicting flav
dynamics.

In this paperwe first discuss the adntages and disadntages of using streamlines to represent
surface flavs. We then describe the LIC technique for generating steadgceufiiws. Net, we
compare steady sade flavs generated by the streamline method with those generated by the
LIC technique. W then discuss unsteady suné flav visualization using streaklines and intro-
duce UFLIC for creating unsteady sagé flavs. Finally we compare unsteady sack flavs
depicted by UFLIC and streaklines.

Streamlines

Streamlines areery popular for visualizing fle fields and are commonly used for represent-
ing surfice flav patterns. By computing a local streamline at each grid point, trecsuiév pat-
tern can be obseed. This method is relatly simple and straightforavd. There are, heever,
some dravbacks. One draback is the discreteness of the streamlines; this doesvead gontin-
uous flav line covering a lage reyion of the flav. Another disadantage is that the outcome of the
surface flav is based on the placement of the seed points where the streamlines are computed.

A common practice is to compute streamlinesvatyegrid point on the grid swate. This werks
fine if the grid points are uniformly distubed. Havever, some grids are compliend often hae
dense grid points near the boundary of the model.lf@dmputing streamlines atery grid point

in this case could result in adifts due to ariations in the grid spacing. A possible solution is to
use randomly distrilited seed points on the grid sa#. The werall impression of the flo would

still depend on the distniftion of the seed points. A better placemeatid be to use more seed
points near rgions where the fl@ varies rapidly and feer seed points atgens where the flo
does not ary too much. Havever, this would require prior knwledge of the fla field and addi-
tional preprocessing.

Linelntegral Convolution

Line Intggral Comwvolution (LIC) is an dective texture synthesis technique which generates
texture mapped images with sack flav like patterns [1]. The basic idea is todan image with
random white noise and aator field defined \@r the image as the input. The image is then
blurred such that it depicts actare that reeals the flav direction @erywhere in the gen \ector
field. Figure 1 shes the input and the output images from this technique. The algoritinks &s
follows. For each pigl in the image, a local streamline is computed from thel pacation in
both the positie and ngative directions by a fed length called the cwolution length. A
weighted serage of the intensities of the pig along the streamline is then computed. The
weighted &erage is computed using a gotution kernel, which is a Mv-pass filter function. The
calculated intensity is the weantensity of the pigl. Because each @ks nav intensity is based
on the intensities of the mis along the local streamline, nearbygbéxon the same streamline
will have ery close intensityalues. Thus, the resulting image depicts the floes accurately
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The cowolution length controls v continuous the flw lines appear in the finalXeire image.
The longer the camlution length is, the more continuous thenflines will be.

LIC is an attractie method for generating sade flavs because it is image space based rather
than object space based. That is, the resultingsiffav does not depend on the placement of
the seed points. Thus, prior kmedge of the flw field is not required. Furthermore, idines

are continuous and the Wdeatures are easy to see.

Another tecture synthesis technique that has been used to generaiegediufs is knavn as spot
noise [3]. This technique displays spots or dots randonrdy ine grid sudce, and each spot is
shaded with random intensif/he shape and size of the spot is proportional todtueity direc-
tion and magnitude at that location. The quality of theasarfflav depends on the shape of the
spots and the number of spots used. The resultingifies may not be continuous since the spots
are discrete. Spot bending is arenhancement to createviltines that gre a more accurate rep-
resentation of the fl@ [4]. In general, we found LIC generates more continuows littes than
spot noise.

Figure 1. LIC generates sade flavs based on a random white noise image arettorfield as the inputs.



Steady Surface Flow Comparisons

In this section, we compare sact flavs generated from streamlines with those generated by
the LIC technique. Wused a program called Animatedwlbine Integral Comwvolution (AFLIC)
to compute steady sade flavs [5]. Our first data set is from an unsteadwfmulation about a
65-dagree sweep delta wing at 0.27 Mach Number with zero roll angle atg38edeangle of
attack [6]. Although the flw is unsteadyfor comparison purposes we will use one time step of
the data. Figures 2a and 2bwshsurface flavs on the delta wing computed using streamlines and
the LIC technique, respeetlly. The flav lines are more continuous in Figure 2b than Figure 2a.
Streamlines shwn in Figure 2a depict the floreattachment lines, @ver, they do not reeal
flow separation lines clearlyn a closed-up vig, the LIC technique keals both separation and
reattachment lines. Th@xex structures are morevident in the LIC technique than those &0
in the streamlines. Oférent selections of seed points were attempted to generate teedlod
shavn in Figure 2a. 6t the figure, streamlines were computedvatgother grid points. Whae
tried to compute the streamline a&eey grid point, lnt the resulting image becomesry cluttered
with streamlines. Anotherattor that determines the resulting quality of the streamlines is the
length of the streamlinesoFthe images generated in this papes used a maximum particle
trace length of 30.

Figures 3a and 3b depict steady aoef flavs computed using streamlines and the LIC technique
on the ertical tail of an F/A-18 fighter aircraft. The saddle points at the upper left andithie lo
center of the tail areery clear in the LIC technique (Figure 3b). Due to the grid resolution, the
saddle points are not depicted clearly in Figure 3a. In Figure 4fegedif time step as chosen.
Comparing Figures 4a and 4b, the saddle point near the center of the tail is alsavnatlshdy

with streamlines.

One disadantage of the LIC technique is that the resolution of theaserflav is based on the
texture map resolution, hence somenflines may appear to be jagged in a close-uw.\&nce

the resolution of the xture map is changeable by the usee found this is not a concern. Fur-
thermore, anti-aliasing techniques can be used if needed. Anotheraditzagly of the current LIC
technique is that because th&ttee map is monochrome, sometimes it may bicdlif to see
flow separations and reattachments eaBdy example, in Figure 2b, these features, which occur
along the leading edge of the wing, are retywclear because of the bsedye view of the delta
wing. To resole this problem, Okada and Kao [5Megroposed seral enhancement techniques
to highlight flov features such as floseparation and reattachment. One technique is to color the
surface flav based on theelocity direction. This captures thevildeatures ery efectively. We
refer the reader to the paper for a detailed description of the technique.

Streaklines

Unsteady flav simulations are becoming feasible because adiaohks in computing technol-
ogy. It is desirable to study sade flavs in unsteady flo fields. Although it is possible to apply
an instantaneous sade flav technique, such as streamlines or LIC, to each time step of the
unsteady data one at a time and then animate the resultingestiagvs, this may not depict con-
tinuous flav motion. Both the LIC and the streamline methods capture thepiitern at an
instant in time and do not consider the tinagiable in the calculation.df example, instead of
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seeing a ortex spirals @er time, one may only see the displacement of the spiradirigcv Fur-
thermore, since the timesable is not considered in the calculation, animating instantaneous sur-
face flavs may not accurately depict timarying phenomena in the unsteadyfl®ne eample

is the dynamics ofartex shedding and formation. This issue is also discussed in [7], where com-
parisons of streamlines, streaklines, and timelines were reported.

In order to visualize suate flavs in unsteady flo fields, time-dependent particle traces should
be used. Analogous to using streamlines for steadafiav, we can use streaklines for
unsteady sudtce flavs. Streaklines are computed by releasing particles continuously fredh fix
seed points and displaying particles from the most ré¢énte steps, wherl is specified by the
user A good range foN is between 10 and 20. By releasing particles from the gridcignd
tracking them wer time, the sudce flav pattern can be generated. Using streaklines to visualize
unsteady sudtce flav is fairly straightforvard. Havever, as with streamlines, the placement of the
seed points is a majoadtor in determining the quality of the unsteadyaefflov.

Unsteady Flow Linelntegral Convolution (UFLIC)

We hare dereloped an algorithm for unsteady swoé flavs. The algorithm generates LICdik
images and uses time-dependent particle traces for thelgton. The resulting imagesveal
realistic looking sukce flavs that golve over time. Unlile LIC, which is based on streamlines,
UFLIC is based on time-dependent particle traces. UFLIC incorporates time into vo&ition
and tracks the imagextieire over time to create continuouswonotions.

The core of the UFLIC algorithm is based omtmain concepts: time-accuratglwe depositing

and succesege feed forvard. Wth time-accurate alue depositing, each gkad\ects through the

flow field and deposits its imagalue with a time stamp.olcompute the intensity of a ikat

the current time step, a weighteeeeage of the intensities of all gis which pass through that

pixel with the same time stamp is computed. In order toigeocontinuous fle motion wer

time, the output image of the current time step is used as the input image fonvtblatcmmat the

next time step. W referred to this concept as sucoess$eed forvard. A potential problem with

this method is that the image may gradually lose contrast as time progresses since LVC is a lo
pass filterIn UFLIC, we use a high pass filter to enhance the current image contrast before using
it in the net time step.

Overall, UFLIC generates highly coherent swé flavs between consecu# time frames
because the flo texture is comolved and adected continuously through space and time. A
detailed description of the UFLIC algorithm can be found in [2].

Unsteady Surface Flow Comparison

In this section, we compare unsteady acefflavs using the techniques described in the pre-
vious sections. & our first comparison, an unsteadywMlsimulation about the delta wing is used.
The flov is unsteady with artex breakdevn. Figure 5 shes surfce flavs computed using
streamlines, streaklines, UFLIC, and LIC. The beay w0 compare these four techniques is by
animation since the flois unsteadyln the animation, the dynamics of the sgd flav are best
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revealed by the streaklines and UFLIC methods.N&e found that streamlines and LIC are use-
ful for depicting the flv at an instant in time; keever, they do not necessarily shothe time-
varying phenomena in the floaccurately In the surdce flavs generated by the UFLIC tech-
nique, we found that the flolines become blurry in theg®mn where the fl changes rapidly
This corresponds to the ydical phenomena in thexgeriment because as thewlalirection
changes rapid|ythe oil spreads outver the model suaice and leaes no discernible flo line
traces on the suate.

For our second comparison, an unsteady #onulation of the F/A-18 fighter aircraftas used.
At high angle of attack, tailuffet occurs when theevtical tails are immersed in the unsteadwflo
from leading-edgexension wrtices [8]. The unsteadiness of theaflat the tails is @y much
apparent on the sace of the tail. Figure 6 stvs surfce flavs generated by the four techniques
discussed praously. Both the streaklines and UFLIC sihdhe deelopment of the fl over
time, whereas streamlines and LIC depict the Wiehaf the flav at an instant in time only

Software

Based on our ne algorithm, a softare program called GLIC (Graphical Line Igtal Con-
volution) is currently being deloped at MSA Ames Research Center to support visualization of
instantaneous and unsteady aoef flavs. It provides a graphical user intade to allav interac-
tive parameter updates, wimg control, and animation playback. GLIC supports multi-tasking,
which implies surdce flav computation and interagé user parameter updates can be concurrent.
Presentlythe program runs on SGlorkstations onlyGLIC allows the user to sa the computed
surface flav for playback, which is>d¢remely useful when analyzing unsteadywiobecause it
allows scientists to keew the results without recalculation.

Conclusion

We hare compared particle tracing and the line gné covolution techniques for swate
flow visualization. Although particle tracing has been commonly used in the CFD comnuanity
shaved that the LIC technique depicts continuouw fioes which are not sk with traditional
particle tracing techniques.aWave also compared unsteady sied flavs represented by streak-
lines and UFLIC. The results shied that UFLIC depicts a better impression of the fflynam-
ics during the animation.
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